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Abstract: The central Mediterranean Sea is among the most oligotrophic habitats in the
marine environment. In this study, we investigated the abundance, diversity and activity of
prokaryoplankton in the water column (25-3000-m depth) at Station Vector (Tyrrhenian
Sea, 39°32.050" N; 13°22.280" E). This specific water column consists of three different
water masses (Modified Atlantic Water (MAW), Levantine Intermediate Water (LIW) and
Tyrrhenian Deep Water (TDW), possessing a typical stratification of the Central
Mediterranean basin. CARD-FISH showed that the metabolically-active fraction of
bacterial populations exceeded the archaeal fraction along the whole water column, except



J. Mar. Sci. Eng. 2015, 3 846

at the deepest water masses. 16S rDNA and 16S rRNA clone libraries obtained from each
type of water mass were used to analyse the prokaryoplankton community structure and to
distinguish between active and “less active” microbial fractions. Our results showed that
the rRNA-derived bacterial libraries seemed to be more depth specific compared to 16S
rDNA-derived counterparts. Major differences were detected between the active fractions
of bacterioplankton thriving in photic (25 m, MAW) and aphotic layers (500-3000 m, LIW
and TDW respectively), whereas no statistically-significant differences were detected
within the deep, aphotic layers (500-3000 m, LIW and TDW). Archaeal communities
possessed more depth-specific distribution patterns with both total and active fractions
showing depth stratification. Cyanobacteria and Marine Group II MAGII of Euryarchaea
dominated the MAW prokaryoplankton. A notable fraction of Geitlerinema-related
cyanobacteria was detected among the metabolically-active bacterial population recovered
from the mesopelagic (500 m, LIW) aphotic layer, which is indicative of their mixotrophic
behaviour. Heterotrophic Gammaproteobacteria and members of Marine Group 1.1a and
the PSL12-related ALOHA group of Thaumarchaeota were both abundant in the
aphotic layers (both LIW and TDW). Discrepancies observed between 16S rDNA- and
16S rRNA-based libraries are most likely linked to different physiological states of the
prokaryoplankton community members recovered from different layers. Taking into
account the relative homogeneity of the main physicochemical parameters throughout the
whole water column, light and energy source are likely the most relevant environmental
variables shaping microbial biodiversity through the Station Vector water column.

Keywords: microbial communities; Tyrrhenian Sea; 16S rDNA/16S rRNA clone libraries;
CARD-FISH; marine Thaumarchaeota

1. Introduction

Prokaryotes represent the major form of biomass in the oceans [1] and are important components of
marine ecosystem by mediating biogeochemical cycles [2]. Prokaryoplankton composition is believed
to result from selective environmental conditions, such as; resource availability and a combination of
physical and hydrochemical factors. The structural changes in prokaryoplankton assemblage are
typically more pronounced in regions characterized by a strong stratification [3]. Water masses differ
in a number of parameters (organic matter content, quality and age, physical and hydrochemical
settings) and are thought to be inhabited by structurally different prokaryotic assemblages, which
possess diverse patterns of metabolic activity [4].

The advances in shotgun and next generation sequencing (NGS) techniques allow the detailed
characterization of microbial populations, acquiring new information on the functional ecology of
microbial communities thriving in different water layers [5-9]. However, it is worth noting that
microbial biodiversity profiles obtained by 16S rRNA and functional gene annotation in deep-sea
metagenomes were in general comparable to those obtained via the conventional 16S rRNA gene-based
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clone library approach, as used within this study, despite the large difference of the amount of data
provided by NGS technology [7,8,10,11].

Previous studies that have investigated microbial community changes through the water column
showed a general trend of decreasing prokaryoplankton abundance with increasing depth, along with a
shift from a light-scavenging to a heterotrophic lifestyle [7,12,13].

More recently, physical factors, such as currents and oceanographic water masses, have been shown
to be important in shaping community structure [13—15]. Studies on meso- and bathy-pelagic Atlantic
Ocean metagenomes suggested that microbial population structure could be correlated with particular
water masses, determining differences in microbial assemblages thriving at the same depths, but
at different geographical location [16—18]. The studies performed in the Eastern Mediterranean Sea
highlighted the localized distinctions between samples collected within the same water masses from
different sampling stations, probably due to local chemical differences, such as organic matter
load [12,13].

The Mediterranean Sea is characterized by a unique chemistry, including; high salinity (38-39 psu),
elevated bottom water temperatures (13—14 °C) and ultra-oligotrophic conditions (extreme phosphorus
and nitrogen limitations) [19]. These peculiar hydrochemical settings may select for distinct microbial
communities throughout the water column, which are adapted for growth in nutrient-limited warm
environments [13]. The aim of this study was to analyse prokaryoplankton community structure
through the water column in the South Tyrrhenian Sea. The stratified water column at the sampling
location known as Station Vector (39°32.050" N; 13°22.280" E) has been intensively studied in the
past [20-23] and was chosen as a model site for this study. In this area, the Tyrrhenian Sea has a
three-layered system, in which the uppermost layer (0-250 m) is occupied by the so-called Modified
Atlantic Water (MAW), originating from water entering at Gibraltar from the Atlantic Ocean. The
mesopelagic layer (250-700 m) is dominated by the Levantine Intermediate Water masses (LIW). The
deeper bathypelagic layers (700-3300 m) are occupied by Tyrrhenian Deep Water (TDW) formed by
the mixing of highly oligotrophic LIW with Western Mediterranean Dense Water (WMDW) [21,22].

In this study, to accurately interpret phylogenetic diversity patterns of stratified populations, we
focused on the rRNA-containing, i.e., metabolically-active fraction of the prokaryoplankton. We
hypothesized that physical and chemical variables of the stratified water column would shape the
prokaryoplankton diversity. Accordingly, our objectives were: (1) to examine the effect of water
stratification on prokaryotic diversity, abundance and activity; (2) to investigate whether the different
taxonomic groups of bacterioplankton coexist together or apart from each other in the different water
depths; and (3) to investigate the relationship between microbial community structure and the
oceanographic parameters of the sampling site.

2. Experimental Section
2.1. Sampling Site and Sampling Procedure

Samples were collected from the Research vessel R/V Urania during the DEEP-PRESSURE cruise
(December 2013). The study site of Station Vector with a maximum depth of 3300 m is located in the
South Tyrrhenian Sea (39°32.050" N; 13°22.280" E). Water samples were collected from three different
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depths (25 m, 500 m and 3000 m), using a rosette sampler equipped with 12-L Niskin bottles (General
Oceanics Inc., Miami, FL, USA) and a CTD unit (Sea-Bird Electronic, Bellevue, WA, USA) for
monitoring salinity, temperature, transmission and pressure.

To isolate environmental DNA and RNA, 10 L of seawater were filtered through 47-mm diameter
Nuclepore filters (0.22-um pore size) (Sartorius, Goettingen, Germany ), which were immediately
frozen at —70 °C in RNAlater solution (Ambion, Austin, TX, USA) until processing in the laboratory.
For Catalyzed reporter deposition Fluorescence In Situ Hybridization (CARD-FISH), water samples
were fixed with a particle-free paraformaldehyde solution (final concentration, 2% (vol/vol)) overnight
at 4 °C. Afterwards, aliquots of 10, 40 and 120 mL, corresponding to the samples from 25-, 500- and
3000-m depths, were gently filtered onto white polycarbonate membrane filters (type GTTP; pore size,
0.22 um; 47-mm diameter; Millipore, Darmstadt, Germany) and stored at —20 °C until further processing.

Determination of oxygen concentration was carried out using the Winkler method [24] with an
automatic endpoint detection burette 716 DNS Titrino (Metrohm AG, Herisau, Switzerland). Samples
for nutrient analysis were collected in 20-mL dark polyethylene (DPE) vials and immediately frozen in
liquid nitrogen and then stored at —20 °C to await analysis. Nutrient concentrations were determined
using a SEAL QuAAtro Microflow Analyzer (SEAL Analytical, Hampshire, UK). All running
standards were prepared with low nutrient seawater and calibrated against Ocean Scientific Standards
(OSIL, Hampshire, UK). Samples for dissolved organic carbon (DOC) analysis were collected in dark
glass bottles rinsed 3—5-times with the water sample before storage. Samples were filtered through
sterile 0.2-um cellulose acetate membrane filters (SM 16534 K, Sartorius Minisart, Goettingen,
Germany ) under low pressure, high-445 purity N2, and the filtered samples were stored in amber glass
bottles at 4 °C in the dark until subsequent analysis. DOC measurements were carried out with a
Shimadzu 5000A TOC Analyzer (Shimadzu, Kyoto, Japan) as described by [25], and concentrations
were calculated according to [26].

2.2. Nucleic Acids Extraction and RT-PCR of Total RNA Templates

Genomic DNA and total RNA extractions from each sample were performed using an RNA/DNA
mini kit (Qiagen, Hilden, Germany). The DNA and RNA quality of the samples was checked by
performing agarose gel electrophoresis. Nucleic acid concentrations were determined using the
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Before the
reverse transcription (RT) reaction, RNA templates were treated with DNase I (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The 16S rRNA was converted to corresponding
cDNA using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) and the universal
nucleotide primer 1492R (5-TACGGYTACCTTGTTACGACT-3") for Bacteria [27] and A958-R
(5'-YCCGGCGTTGAMTCCAATT-3") for Archaea [28]. Bacterial 16S rRNA genes were amplified
from DNA and cDNA with the universal bacterial primer set 530F (5'-GTGCCAGCMGCCGCGG-3')
and 1492R [27], whereas the primer set A20F (5'-TTCCGGTTGATCCYGCCRG-3") and A958R [28]
was used for the amplification of the archaeal fraction of the microbial community. The PCR was
performed using a 50-pL (total volume) mixture containing 1x Q solution (Qiagen, Hilden, Germany),
10x Qiagen reaction buffer, 1 uM of each primer, 10 uM dNTPs (2.5 uM of each nucleotide) (Gibco,
Invitrogen, Carlsbad, CA, USA), 2.0 uL (40-50 ng) of DNA template and 2.0 U of Taq Polymerase
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(Qiagen, Hilden, Germany). The reaction started with a 3-min hot-start at 95 °C, continued with
30 cycles of 1 min at 94 °C, 1 min at 50 °C and 2 min at 72 °C and finished with a 10-min extension at
72 °C. PCRs without a previous RT were carried out using purified RNA as a template to control for
DNA contamination. Polymerase chain reactions were performed in a Master Cycler 5331 Gradient
(Eppendorf, Hamburg, Germany). Amplicons were analysed on agarose gels (0.8% w/vol), purified
with QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), and the 16S rRNA gene fragments
(about 900 base pairs for both Bacteria and Archaea) were cloned into the pPGEM®-T EasyVector
(Promega, Fitchburg, MA, USA) according to the manufacturer’s instructions. The resulting ligation
products were used to transform Escherichia coli DH10B cells (Invitrogen, Carlsbad, CA, USA).
One hundred white colonies from each clone library were randomly picked, and the cells were directly
used in a PCR reaction with standard M13f and M13r primers under the conditions described
above. Amplified inserts of expected sizes were identified by gel electrophoresis and subjected to
further sequencing.

2.3. CARD-FISH Analysis

Filters for CARD-FISH counts were embedded in low-gelling point agarose (0.1% agarose, Sigma,
St Louis, MO, USA), dried at 37 °C for 10 min and then dehydrated with 95% ethanol. To detect
Bacteria, embedded cells were permeabilized by treatments with lysozyme (10 mg mL™!, Sigma, Saint
Louis, MO, USA ) in 0.5 M EDTA, 0.1 M Tris-HCI (pH 8.0) for 60 min at 37 °C [29]. Filters were
then treated as described by [30]. To detect Archaea, embedded cells were permeabilized with
proteinase K (0.2 uL mL™!, Fluka-Sigma, Saint Louis, MO, USA) for 45 min at 37 °C as described
by [31]. Filters were cut in sections and hybridized with 5’-horseradish peroxidase (HRP)-labelled
oligonucleotide probes in the dark at 35 °C for 12 h according to [32]. Amplifications were done at
room temperature for 20 min in the dark. Probes used through this work are listed in Table 1. After the
hybridization and amplification steps, slides were examined under an Olympus BX61 microscope
(Olympus Corporation, New York, NY, USA) equipped with a 100-W Hg lamp (Osram, Monaco di
Baviera, Baviera, Germany) and appropriate filter (Olympus Corporation, New York, NY, USA) sets
for DAPI (Olympus Corporation, New York, NY, USA) and Alexa488 (Olympus Corporation, New
York, NY, USA). The fraction of positive CARD-FISH-stained cells (CARD-FISH+) was quantified
in at least 1000 DAPI-stained cells per sample. Prior to counting, the slides were stored at =20 °C up
to several days without any significant loss of fluorescence intensity. Negative control counts of
hybridization with HRP-Non338 [33] averaged 1% and were always below 5% of the total
DAPI-stained cells.

Table 1. 16S rRNA-targeted oligonucleotide probes used in this study.

Probe Sequence (5’ to 3’) of Probe Target Organisms % Formamide References
Eub338 GCTGCCTCCCGTAGGAGT Bacteria 55 (Amann et al., 1990) [29]
Cren537 TGACCACTTGAGGTGCTG Crenarchaea 20 (Teira et al., 2004) [31]
Eury806 CACAGCGTTTACACCTAG Euryarchaea 20 (Teira et al., 2004) [31]

Non338 ACTCCTACGGGAGGCAGC For non-specific probe binding 55 (Wallner et al., 1993) [33]




J. Mar. Sci. Eng. 2015, 3 850

2.4. Sequencing and Phylogenetic Analysis

Sequencing was performed with an ABI PRISM 3100-Avant Genetic Analyzer (PE Applied
Biosystems, Foster City, CA, USA) using the ABI PRISM BigDye® Terminator v 3.1 Cycle
Sequencing Kit (PE Applied Biosystems, Foster City, CA, USA). Sequences were checked for possible
chimeric origin using the Bellerophon software [34]. Initial alignment of amplified sequences and
close relatives identified with BLAST [35] were performed using the SILVA alignment tool [36]
and manually inserted in ARB [37]. After alignment, the neighbour-joining algorithm and the
Jukes—Cantor distance matrix of the ARB package were used to generate the phylogenetic trees based
on distance analysis for 16S rRNA. One thousand bootstrap re-samplings were performed to estimate
the robustness of the tree. Differences between DNA and RNA clone libraries were evaluated using the
LIBSHUFF software [38], as previously described by [39].

2.5. Statistical Analysis

For statistical analysis, the clones from each library were considered to define phylotypes at 97%
similarity [40,41]. The presence of library-specific phylotypes was further analysed by a total
alignment. Clustering of sequences, rarefaction analysis, taxa, total clones, singletons, dominance,
Shannon (H), equitability (E) and Simpson (D) chaol-2 indexes for each clone library were performed
using the Dotur program [42]. Coverage values (C) were calculated to determine the efficiency of the
different clone libraries. The coverage value is given as C = 1 — (n1/N), where nl is the number of
clones that occurred only once in the library (singletons ) [43]. To study the influence of depth on
prokaryotic biodiversity at the three different sampling depths, the Primer 6 ecological software
package [44] was employed to obtain the ANalysis Of SIMilarities (ANOSIM) test from DNA-RNA
distance matrix [45]. The DNA-RNA distance matrix of sequences was obtained by MEGAS software
using the Jukes—Cantor method [46].

2.6. Nucleotide Sequence Accession Numbers

The sequences have been submitted to the GenBank database and assigned Accession Numbers
KF001521-KF001628 for bacterial and KF001629-KF001698 for archaeal 16S rRNA gene
sequences, respectively.

3. Results
3.1. Hydrological and Hydrochemical Conditions of the Sampling Site

The hydrological parameters of the sampling site Station Vector showed a typical winter
stratification consistent for the Central Tyrrhenian Sea [47]. Seawater temperature ranged from 15.42,
13.99, up to 12.99 °C, as measured at the surface (25 m), 500-m and 3000-m depths, respectively.
Salinity values were ranging between 38.08 psi (25 m) and 38.73 psi (500 m). At a 500-m depth, there
was a minimum oxygen zone (3.94 mL L™'). The chosen depths of sampling were attributed to the
major water masses, namely the surface layer (25 m) representing the MAW, whereas samples from
500-m and 3000-m depths were attributed to the LIW and TDW masses, respectively.
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The superficial MAW mass at Station Vector was strongly depleted in all nutrients measured
(0.5 umol L! for nitrate; 1.1 pmol L™! for silicates and 0.05 pmol L™! for phosphate). The LIW mass
showed an increase in nutrient levels compared to the overlying MAW mass with nitrate values
measured at 6.2 pmol L°!. In addition, silicate and phosphate concentrations showed a similar
increasing trend with concentrations of 5.9 umol L™! and 0.22 umol L', respectively. The deeper
TDW layer showed nutrient concentrations continuing to rise with values for nitrate, silicate and
phosphate recorded at 8.1, 9.3 and 0.31 pmol L™, respectively. The amount of DOC was higher in the
surficial MAW layer (51 £ 8 umol L") compared to the LIW (39 £ 6 pmol L") and TDW
(45 £ 7 umol L") layers.

3.2. CARD-FISH Distribution

The total amount of prokaryotic cells, as determined by DAPI staining, decreased from
(21.86 + 1.89) x 10* cells mL™" in the shallow MAW layer (25 m) to (5.05 = 0.9) x 10* and
(1.25 £ 0.14) x 10* cells mL™! in the LIW (500 m) and TDW (3000 m) layers, respectively.
CARD-FISH-positive cells followed similar patterns. Moreover, CARD-FISH analysis indicated that
the majority of epi- and meso-pelagic prokaryoplankton (found in the MAW and LIW layers,
respectively) was metabolically active, because 84.5% and 78.7% of DAPI-stained cells were also
stained by CARD-FISH in the MAW and LIW layers, respectively. This percentage reached 99.6% in
the deep TDW layer, suggesting that the integral microbial population of the deepest layer were in an
active metabolic state.

-l
cells ml
100 1000 10000 100000 1000000

25

ODAPI
= Eub 338
Cren 537

Depth (m)

_— m Eury 806

Figure 1. Distribution of total amount of prokaryotic cells counted as DAPI-stained cells
(in white), CARD-FISH-positive Bacteria (in dark grey), Crenarchaea (in light grey) and
Euryarchaea (in black) at the Station Vector site in December 2013, for 25 m (Modified
Atlantic Water (MAW)), 500 m (Levantine Intermediate Water (LIW)) 3000 m
(Tyrrhenian Deep Water (TDW)).
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As detected by CARD-FISH analysis, the metabolically-active epipelagic prokaryoplankton found
in the MAW layer was dominated by bacteria ((10.37 + 1.71) x 10* cells mL™), followed by
Crenarchaea ((3.05 £ 0.38) x 10* cells mL™") and Euryarchaeota ((1.83 £ 0.30) x 10* cells mL ™)
(Figure 1). The bacterial density decreased gradually with depth, and in the deep TDW, values dropped
to approximately 20-times lower than those detected in the surface waters (MAW). The archaeal
fraction of prokaryoplankton followed the same negative trend, though to a lesser extent, and in the
deepest layer (TDW), both Archaea and Bacteria were represented equally (52.4% + 8.5% versus
47.2% £ 3.7%) (Figure 1).

3.3. Phylogenetic Analysis of 16S rDNA and 16S rRNA Bacterial Clones Retrieved from Different Depths

In the present study, we retained a 99% similarity as a suitable cut-off for identification at the
species level and a 97% similarity as a suitable cut-off for identification at the genus level. The
phylogenetic analysis of 418 clones obtained from six bacterial clone libraries revealed their
distribution within 86 separated lineages (=97% sequence similarity), belonging to 18 major
prokaryotic taxa (Table S1; Figure 2).
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Figure 2. Phylogenetic affiliation and relative abundance of archaeal and bacterial clones
from the Station Vector water column classified at the class/phylum level. The numbers
below each class/phylum represent the percentages of each phylogenetic group detected in
either 16S rDNA (white numbers) or 16S rRNA (red numbers) clone libraries obtained
from three depths: MAW (green), LIW (blue) and TDW (dark blue). The scale bar
represents the expected numbers of changes per nucleotide position. Abbreviations used:
OD1 (candidate division OD1); MGI (Marine Group I); MBG (Marine Benthic Group);
MGII (Marine Group II); MHVG (Marine Hydrothermal Vent Group).

Among these taxa, only Alpha- and Gamma-proteobacteria and Thaumarchaeota of Marine
Group I were detected in all libraries. Comparative alignment of the Gammaproteobacteria clones
revealed their clustering at a >97% level within 23 different (phylotypes) (Figure S1). Many of them
were found as depth-specific phylotypes. This is exemplified by the superficial MAW water mass of
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Station Vector being inhabited by the genus Umboniibacter (three clones) and uncultured clades
SARS86 and OM60 (ten and two clones, respectively); these were not detected in the deeper LIW and
TDW masses. In contrast, sequences affiliated with the families Alteromonadaceae, Alcanivoraceae,
Halomonadaceae, Pseudomonaceae and the order Thiotrichales were found only in the bathypelagic

TDW (Table 2).

Table 2. Identification of representative phylogenetic groups obtained from clustering of
rDNA and rRNA bacterial clone sequences from different depths (MAW = 25 m;
LIW =500 m; TDW = 3000 m).

Bacterial or Archaeal

Genus/Clade Closest Relative (EMBL Accession No.) % Identity MAW LIW TDW
Division
Gammaproteobacteria SAR 86 Clone S23 686 (EF572587) 99 8D-2R
JL-ENTP-VE Clone HOT157_350m7 (JN166339.1) 100 2D-2R
Alteromonas macleodii str. “Deep
Alteromonadaceae 99 10D 3D-17R
ecotype” (CP001103)
OM60 clade Clone SHTA403 (GU235460) 97 2D
Umboniibacter marinipuniceus strain:
Umboniibacter 99 3D
KMM 3891 (AB467279)
Pseudospirillum Clone HOT157 350m9 (JN166361) 99 2D-2R 2D
Clone ASTS_SIM_500m_310
E01-9C-26 99 2D 5D-1R 1D
(KJ589919)
E01-9C-26 Clone PRTBB84 (HM798879) 98 2D-1R 1D
Alphaproteobacteria SAR 11 Clone C146Chl1358 (JX530113) 99 5D 3D
SAR 11 Clone C146300253 (JX530857) 99 2D 1D
SAR 11 Clone PRTAB7655 (HM798613) 98 3D 3D 1D
DBI1-14 Clone HglFeb5D7m (JX017019) 98 SD-1R
Clone SPOTSFEBO02_70m27
AEGEAN-169 97 2D 2D
(DQ009450)
AEGEAN-169 Cone 20162U78 (EU237459) 99 2R
S25-593 Clone CTD005-32B-02 (DQ513053) 99 4D-1R
SAR 116 Clone 20154U16 (EU237278) 99 SD-1R
Clone SPOTSAUGO01 5ml101
SAR 116 99 3D
(DQ009267)
Deltaproteobacteria SAR 324 Clone SHAB608 (GQ348695) 99 2D-2R
oM27 Clone 52-3-11 (JN018836) 99 2D
Planctomycetes Clone OS2BR2-03 (JN233146) 99 2R
Clone SPOTSMAY03_150m14
Verrucomicrobia 98 2D
(DQ009456)
Acidobacteria Clone J8P41000_1HO1 (GQ351195) 97 2R 2D-2R
Nitrospira Clone HMMVPog-53 (AJ704710) 95 2R
Chloroflexi Clone SAR250 (AY534097) 99 2R
Clone CTD005-79B-02 (AY704386) 100 IR 1D-2R
Prochlorococcus marinus str. NATL2A
Cyanobacteria Prochlorococcus 100 10D-32R
(CP000095)
Synechococcus Synechococcus sp. RS9920 (AY172830) 99 6D-6R
Geitlerinema Geitlerinema sp. A28DM (FJ410907) 100 18R
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Table 2. Cont.

Thaumarchaeota MGI Clone HF770_015N17 (DQ300532) 99 9D-1R 2D-2R
MGI Clone TS_HP_RNAA_69 (AM937105) 99 9D-5R 8R
MGI Clone KM3_193_A03 (KF900772) 99 10D-4R
MGI Clone MT793-NAO08 (AB193963) 99 2D-6R
MGI Clone SC5_2222 T2 E3 (KJ814656) 99 33D-19R  14D-69R
Nitrosopumilus maritimus SCM1
MGI 99 13D-8R 1D
(NR_102913)
Crenarchaeota MBG Clone TS_NB_DNAA 125 (AM937086) 99 1D-4R
PSL12 Clone TS_HP_RNAA 67 (AM937090) 100 2R
PSL12 Clone TS_NB_RNAA 25 (AM937096) 100 3R 1D
PSL12 Clone TS NB_DNAA_66 (AM937087) 99 4D-3R
Euryarchaeota MGII Clone HF70 25A12 (DQ156469) 99 4D-10R
MGII Clone HF200_89A11 (DQ156453) 99 6D 1D
MGII Clone HF770_037J18 (DQ300558) 99 2D-5R
MGII Clone KM3-136-D10 (EF597686) 99 1D-1R 1D
MGII Clone HF4000_48H06 (DQ300561) 99 4D 2D-2R
MGII Clone PD_18 (JX103589) 98 8D-2R

Phylogenetic group or phylotype: a clone group with sequence similarity higher than 97%. Abbreviations
used: MGI (Marine Group I); MBG (Marine Benthic Group); MGII (Marine Group II); D (16S
rDNA-derived sequences); R (16S rRNA-derived sequences); numbers before D or R indicate the absolute
abundances of clones found in each library. EMBL: European Molecular Biology Laboratory.

The finding of the genus Umboniibacter in the surficial MAW layer is rather unusual, as it was first
isolated from the marine mollusc Umbonium costatum [48]. However, this microorganism has the
ability to utilize different types of carbohydrates as a carbon source, which are commonly found in
surficial water [21,48].

Among all Gammaproteobacteria-related organisms, only representatives of the uncultured group
E01-9¢-26 were found along the entire water column in both types of libraries. In contrast, the clade
K189A was found only in rDNA-derived libraries, whereas the clades SVA0071 and ZD0405 were
detected in the rRNA-derived LIW library (Figure S1).

Alphaproteobacteria-related 16S rDNA sequences formed the second taxon found at all depths in
significant amounts (Table S1). Remarkably, one third of all rDNA clones retrieved from the surface
MAW layer belonged to this taxon; however, in the corresponding rRNA library, these organisms
accounted for only 5%. In the deeper water masses, Alphaproteobacteria-related organisms were
distributed more equally in both types of libraries (Table S2). In total, 15 and four phylotypes,
belonging to seven uncultivated clades and to the family Rhodospirillaceae, respectively, were
identified in bacterial libraries (Figure S2; Table 2).

SAR11 clade-related organisms constituted the most abundant group detected throughout the whole
water column. Further phylogenetic analysis revealed that these organisms were sub-divided into three
phylotypes, and only one was found to be ubiquitous. An additional two phylotypes were identified as
being layer-/depth-specific (Figure S2). The clades AEGEAN-169 and SAR116 were mainly attributed
to the superficial water MAW mass. The remaining clades of uncultured Alphaproteobacteria
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(E60D10, DB1-14, MNG3 and S25-593) exhibited depth-specific distribution (Figure S2). Four
different phylotypes of Deltaproteobacteria-related sequences were recovered from all sampled layers,
although abundances never exceeded 8%. Two of the phylotypes, belonging to the SAR324 clade,
were identified in MAW and LIW layers, whilst the OM27 clade and JS624-8 groups were found only
in LIW and TDW masses, respectively (Figure S3; Table 2). It is worth mentioning that the
metabolically-active fraction of Deltaproteobacteria was detected only in the photic MAW layer. In
general, more than 70% of all 16S rRNA epipelagic clones obtained from the surface MAW layer were
related to Synechococcus and Prochlorococcus; the cyanobacterial genera frequently recovered from
superficial seawater [49,50]. The Cyanobacteria-related sequences also dominated the mesopelagic
LIW zone, where almost a third (29%) of all 16S rRNA clones were attributed to the genus
Geitlerinema (Figure S4), a cyanobacterium previously found only in the euphotic zone [49].
Hydrochemical conditions observed in the sampling site include a lack of strong vertical mixing of
water masses, thus giving the study area a typical winter stratification common for the Central
Tyrrhenian Sea [47]. Such deep distribution of this phototrophic organism could be explained by its
capability to sustain a mixotrophic lifestyle, a common feature among cyanobacteria [43].

All remaining bacterial groups detected in analysed clone libraries had low abundance, which did
not exceed 12%. Verrucomicrobia-related clones were obtained from all depths, with a maximum
abundance of 11% detected at intermediate LIW zone. Other groups were found to be depth-specific.
In particular, members of the class Flavobacteria and a small fraction of 16S rDNA clone sequences
(4%) affiliated with eukaryotic plastids were found only in the superficial MAW layer. Members of
Chloroflexi and Acidobacteria were found in both the LIW and deeper TDW layers. Noteworthy, only
three clones affiliated with an uncultured Acidobacteria (similarity 99%) were found in meso- (LIW)
and bathy-pelagic (TDW) rRNA libraries. These sequences, likely belonging to deep-sea-adapted
organisms, were previously found in deep, bathypelagic seawater and sediments of the South Atlantic
Ocean and Eastern Mediterranean Sea [10,51].

Finally, uncultured marine group SAR 406 and candidate division ODI1, Planctomycetes and
Nitrospira were mainly represented by TDW-specific phylotypes (Figure S4).

3.4. Phylogenetic Analysis of 16S rDNA and 16S rRNA Archaeal Clones Retrieved from Different Depths

The total of 314 clones analysed in six 16S rDNA- and16S rRNA-derived libraries were clustered
within 38 different archaeal phylotypes (=97% of similarity was used as a cut-off). They were
unevenly distributed within five groups of higher taxonomic rank belonging to typically marine
Eury- and Thaumarchaeota (Figure 2; Tables S1 and 2).

Marine Group II (MGII) of Euryarchaeota was the most heterogeneous group with 17 different
phylotypes recovered mainly from the superficial MAW layer (more than 80% of all MGllI-related
phylotypes). This group of organisms dominated both types of MAW clone libraries covering 64% and
96% of all rtDNA and rRNA analysed sequences, respectively. According to data obtained by
CARD-FISH analysis, in the deeper layers of the water column, these values dropped to less than
one-tenth of all clones analysed in LIW and TDW 16S rDNA libraries. Fifteen MGII phylotypes were
recovered only in MAW, whereas two MGlI-related phylotypes were detected both in MAW and LIW,
and only one phylotype was found in both the LIW and TDW libraries (Figure S5). All remaining
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archaeal clones recovered from the surface MAW mass were affiliated with the Marine Group I (MGI)
of mesophilic marine Thaumarchaeota (Figure S5). Being in the minority in the surface MAW layer,
members of this group became dominant in meso- (LIW) and bathy-pelagic (TDW) layers reaching
76% and 91%, respectively, for all analysed archaeal clones. Comparative alignment of MGl-related
clones revealed that they were grouped within 12 phylotypes possessing different depth-specific
behaviours (Figure S5; Table 2). Only two phylotypes were detected in superficial water masses
(MAW), although other sequences clustered in these phylogenetic groups were previously detected in
deep-sea environments deeper than 3000 m [10]. The remaining phylotypes, which formed more than
65% of total clones analysed in 16S rDNA and rRNA libraries, belonged to MGlI-related phylotypes of
Thaumarchaeota and were found both in the intermediate LIW layer and the deeper TDW layer. For
this cluster of marine mesophilic archaea, the lifestyle adapted to deep-sea habitats has already been
demonstrated previously [20,52-55].

The clade PSL12-related clones revealed a deep-sea adaptation and were found only in LIW (19%)
and TDW (6%) libraries. At greater resolution, the PSL12 sequences were clustered into six different
depth-specific phylotypes, with only one phylotype found to be ubiquitous to both LIW and TDW
layers. Less than 4% of clones related to marine benthic groups were found as a monophyletic group in
LIW, whilst only a single clone affiliated with euryarchaeal Marine Hydrothermal Vent Group
(MHVG) was recovered from the rRNA library at the deep TDW layer (Figure S5). Similarly to the
previous group, members of this clade are preferentially found in meso- and bathy-pelagic oceanic
realms all over the world, including the Mediterranean Sea [10,20].

3.5. Rarefaction Analysis, Diversity Index and Coverage Values of Analysed Clone Libraries

As shown in Table S2, diversity, dominance and coverage indices have been calculated for each of
the twelve bacterial and archaeal libraries. After applying the cut-off values for a genus member
(=97% similarity), the generated curves for bacteria did not demonstrate saturation in any of produced
libraries (data not shown); consequently, these results need to be treated with caution, in order to avoid
over-interpretation of the results. This finding was further confirmed by the low mean coverage values
found (0.53-0.71). Equitability values varied from 0.9342 to 0.8283, which were both detected from
epipelagic (MAW layer) bacterial communities. As indicated by low dominance index values
(0.0361-0.124), no single monophyletic group at the species level was found to be dominant. Chaol
and Chao2 showed elevated values throughout the whole water column ranging from 69 to 86.1 in
LIW to >215.3 in TDW for chaol and 64.6-76.9 up to >150 for chao2 at the same depths. The highest
values were observed in TDW libraries 215.3—-343.5 and 150-181, respectively, for Chaol and Chao2.
Thus, the most heterogeneous bacterial community of the Station Vector water column was found in
the bathypelagic TDW layer.

In contrast to bacteria, the rarefaction analysis performed on archaeal libraries revealed that their
diversity was sufficiently covered, especially in the case of LIW and TDW archaeal communities (data
not shown). The highest number of missing species [56] was detected in the surface MAW layer, with
Chaol showing the highest value (307) (Table S2). The coverage values were much higher in deeper
layers (both LIW and TDW, respectively), with values >0.9 for both rDNA and rRNA libraries,
confirming that a significant fraction of total meso- and bathy-pelagic archaeal diversity was covered.
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The dominance index values showed that archaeal populations throughout the water column lacked a
dominant species (<97% of similarity), with the exception of the metabolically-active fraction of the
TDW community (dominance 0.794), which was dominated by one site-specific MGI phylotype
(R3000_A24 50) [20].

3.6. Cluster Analyses of Clone Libraries

The LIBSHUFF method was used to compare the 16S rDNA- and rRNA-derived clone libraries and
to determine the significance of observed differences (Table 3). The analysis revealed that for all three
sampling depths, the bacterial rDNA-based clone libraries were composed of significantly-different
phylotypes to those obtained from the corresponding rRNA-based libraries (p = 0.001 for each
combination). Obviously, these differences could be partially explained by the higher degree of
bacterial 16s gene diversity and the possibility that bacterial diversity should not be totally covered by
clone libraries investigation. Nevertheless, the differences between rDNA- and rRNA-derived libraries
are not constant along depths. The highest divergence values were detected between 16S rDNA- and
rRNA-derived MAW and TDW clone libraries (delta-C of 6.198 and 7.647, respectively). In contrast,
comparative analysis of the epi- and bathy-pelagic archaeal clone libraries, from the MAW and TDW
layers, respectively, revealed no significant differences between the metabolically-active and total
archaeal communities (p-values of >0.05 for MAW and TDW) and more than 85% of
shared sequences.

In absence of strongly-dominating phylotypes, the total and metabolically-active fractions of the
archaeal community detected in the LIW layer showed a greater divergence (p = 0.002 and a delta-C
of 0.511).

Table 3. LIBSHUFF results between bacteria and archaeal clone libraries obtained
from different depths in Station Vector; (D: 16S rDNA-derived library; R: 16S
rRNA-derived library).

LIBSHUFF results between LIBSHUFF results between
delta-C p-value delta-C p-value
bacterial libraries archaeal libraries
MAW 25 m (DNA vs. RNA) 6.198 0.001 MAW 25 m (DNA vs. RNA) 0.019 0.824
LIW 500 m (DNA vs. RNA) 3.528 0.001 LIW 500 m (DNA vs. RNA) 0.511 0.002
TDW 3000 m (DNA vs.
TDW 3000 m (DNA vs. RNA) 7.647 0.001 RNA) 0.090 0.037

Sampling depth was investigated by the ANOSIM analysis and selected as the eventual factor,
which may influence the observed microbial biodiversity. For this purpose, the 16SrDNA- and
16S rRNA-derived libraries were analysed separately. Taking all bacterial 16S rDNA clones into
analysis, no statistical differences were detected between total bacterial communities throughout the
whole water column (global R of 0.048 and p = 0.8). Pairwise testing confirmed these results, giving
the values of global R between 0.000 and 0.077 and p > 0.3 (Table 4). In contrast, the ANOSIM
analysis performed on 16S rRNA libraries revealed that bacterial communities recovered from
different depths were statistically different (global R = 0.302 and p = 0.1). The pairwise testing showed
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significant differences between MAW and LIW masses and between MAW and TDW mass libraries
(R=10.311 and 0.409 respectively with p = 0.1) (Table 4).

The ANOSIM analysis of archaeal libraries was separately carried out on 151 and 162 clones from
16S rDNA- and 16S rRNA-derived libraries, respectively. The total and metabolically-active fraction
of archaeal communities showed significant stratification with depth (global R = 0.378 and 0.476,
respectively at p = 0.1) (Table 4). In addition, the pairwise testing of both 16S rDNA and 16S rRNA
archaeal clone libraries also confirmed this stratification. As seen with the distribution of
metabolically-active bacteria, clear differentiation between MAW and LIW masses and between MAW
and TDW masses was identified (R > 0.446 and p = 0.1). The differences dramatically decreased when
comparing meso- (LIW) and bathy-pelagic (TDW) libraries, where the ANOSIM test showed no
statistically-significant differences (p > 0.9).

Table 4. ANOSIM result between bacterial and archaeal clone libraries obtained from
different depths in Station Vector; (D: 16S rDNA-derived library; R: 16S rRNA-derived
library). For reference, MAW = 25 m, LIW = 500 m and TDW = 3000 m.

Significance level of Significance level of
Bacteria R statistic Archaea R statistic
sample statistic (%) sample statistic (%)
DNA-derived libraries 0.048 0.8 DNA-derived libraries 0.378 0.1
MAW, LIW(D) 0.053 0.3 MAW, LIW (D) 0.446 0.1
MAW, TDW(D) 0.077 0.5 MAW, TDW (D) 0.470 0.1
LIW, TDW (D) 0.000 46.4 LIW, TDW (D) —-0.007 57.2
RNA-derived libraries 0.302 0.1 RNA-derived libraries 0.476 0.1
MAW, LIW (R) 0.311 0.1 MAW, LIW (R) 0.684 0.1
MAW, TDW (R) 0.409 0.1 MAW, TDW (R) 0.842 0.1
LIW, TDW (R) 0.037 15.2 LIW, TDW (R) 0.039 0.9

4. Discussion

The present study focused on a 16S rRNA-based phylogenetic survey of bacterial and archaeal
populations collected from three different depths (25 m, 500 m and 3000 m), which represent the three
main water masses found at the Station Vector site in the South Tyrrhenian Sea. This station is located
in the deepest and in the most isolated basin of the Western Mediterranean Sea [22]. In spite of its
marginal position, it plays an important role in the Mediterranean circulation, because of the
permanent presence of these three water masses. As highlighted by the LIBSHUFF method, the
differences between bacterial total community and the metabolically-active fraction, respectively
represented by the 16S rDNA- and 16S rRNA-based clone libraries, were higher in the epi- (MAW)
and bathy-pelagic (TDW) layers compared to the mesopelagic water masses (LIW).

In total, 86 different phylogenetic bacterial groups were identified in 16S rDNA clone libraries.
More than 80% of them showed a depth-specific distribution. Comparative analysis of
16S rRNA-derived libraries indicated an even stronger stratification of the metabolically-active
fraction of microbial communities, with no single bacterial phylotype present at all three depths. The
discrepancy between total and active fractions, i.e., 16S rDNA- and rRNA-containing fractions, of
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bacterioplankton, respectively, was additionally confirmed by the ANOSIM test. Statistically-acceptable
differences between bacterial communities identified at different depths were found only in the active
fraction, especially between communities thriving in photic and aphotic layers. Aphotic layers,
including LIW and TDW, harbour a more homogeneous population with several organisms able to
survive both at 500- and 3000-m depths.

It is worth noting that using clone libraries has some limitations, mainly low numbers of sequences,
so there can be some element of underestimating the microbial diversity.

The depth-specificity of microbial populations was evidenced by the phylogenetic affiliation of all
bacterial clones analysed. Most of the sequences found in the photic zone were affiliated with bacteria
typically detected in superficial water down to 200 m [49,50,57,58]; In fact, the MAW active fraction
was dominated by Synechococcus and Prochlorococcus cyanobacteria genera, and the LIW active
community was formed abundantly by another cyanobacteria Geitlerinema. Different requirements for
light intensity or slight differences in nutrient concentration, or indeed, the selective pressure from
viruses, or other predators could determine this microbial stratification. In the aphotic layers, the
abiotic factors that could potentially influence microbial populations are weaker, with temperature and
nutrient concentration presenting a more homogeneous trend. The majority of clones recovered from
the Station Vector deep layers (LIW and TDW masses, respectively) was related to deep-sea
microbiota detected at different bathypelagic depths (up to 3500 m), in deep-sea marine sediments,
microbial mats, abyssal plain in the Northeast Atlantic and deep-sea ridge flank crustal fluid in the
Northeast Pacific oceans (Figures S1-S4) [53,59,60]. Archaeal communities in the Station Vector
water column were found to be depth specific in both types of clone libraries. Remarkably,
the LIBSHUFF method showed statistically-insignificant differences between the 16S rDNA and
16S rRNA libraries collected at the same depths, generally exhibiting low diversity with more than
85% of sequences shared. As seen with the bacterial data, members of the Archaea possessed a
depth-dependent succession of community profiles (Figure S5) [20,22,52,61]. Light requirement
seemed to be the dominant factor describing the trend with more than 80% of all MGlIl-related
phylotypes mainly confined to epipelagic prokaryoplankton found within the MAW mass.

Although the metabolic capability of this group of organisms is still relatively unknown, their
higher abundance in the euphotic zone (MAW mass), confirmed by CARD-FISH analysis, coincides
with the presence of proteorhodopsin-like genes in their genomes, which may suggest a phototrophic
or light-scavenging metabolism [52,61]. Below the photic zone, archaeal communities tended to be
more homogeneous, highlighted by the presence of a cluster of marine mesophilic archaea, which are
preferentially found in meso- and bathy-pelagic oceanic realms all over the world, including the
Mediterranean Sea (Figure S5) [20,52,54,55,61,62].

Our results from a combined analysis using both 16S rDNA and 16s rRNA clone libraries and also
quantitative CARD-FISH analysis showed that the prokaryoplankton communities of the Station
Vector site showed evidence for microbial stratification, corresponding to the different defined water
masses. Looking at both DNA- and 16S rRNA-containing fractions of prokaryotic populations, their
biodiversity changes through the water column with depth, and the epipelagic (MAW)
prokaryoplankton community, especially its metabolically-active fraction, is very different from those
found in deeper layers (LIW and TDW masses). This finding is consistent with the fact that among all
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environmental parameters shaping microbial biodiversity in an open ocean ecosystem, light, serving as
an energy source, is the most important factor, followed by temperature and pressure [20,63,64].

The Mediterranean Sea presents a unique marine ecosystem due to it being characterized by the
persistence of warm (=13 °C) water masses down to bathyal and abyssal (>4000 m) depths. This fact
places the Mediterranean Sea apart from the majority of oceanic aphotic realms (>200-500-m depth),
which are permanently cold habitats (<2—4 °C). As is well known, low temperature is a crucial
parameter that requires specific molecular adaptations. Thus, in most bathypelagic habitats, this factor
prevents the metabolism of many microbes, which often come from warm superficial water
masses above [64,65].

The homogeneous water temperature throughout the three investigated water masses allowed
metabolic activity by a wider range of prokaryotes down to deeper strata. Energy source availability
was possibly the predominant factor in determining community structure and lifestyles in the deep
Mediterranean Sea, whereas depth and increasing pressure would seem less critical, at least down to
about 4000 m.

5. Conclusions

The central Mediterranean Sea is among the most oligotrophic marine habitats on our planet.
Hydrological characterization of the sampling site at Station Vector (Tyrrhenian Sea, 39°32.050" N;
13°22.280" E) showed a typical winter stratification consistent for the Central Tyrrhenian Sea.
According to abiotic factors, the diversity and activity of prokaryoplankton in the whole water column
(0-3000 meters) showed a marked stratification, especially regarding the active fraction of microbial
communities thriving in photic and aphotic layers. The photic zone was characterized by a prevalence
of phototrophic cyanobacteria and light-scavenger Euryarchaeota, whereas heterotrophic bacteria and
Thaumarchaeota dominated all aphotic layers. The unique characteristic of the Mediterranean basin is
the persistence of warm (=13 °C) water masses down to bathyal and abyssal (>4000 m) depths. This
feature allows high metabolic activity of wider range of prokaryotes inhabiting both superficial and
deeper strata. Energy source availability was possibly the predominant factor in determining
community structure and lifestyles in the deep Mediterranean Sea.
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